Geophysical model s t h a t p r e d i c t f a u l t type from stresses calcul ated a t the actual p l anetary surface ( z e r o depth) can o f t e n be misleading and i n c o r r e c t because f a u l t s generally i n i t i a t e a t depth under a d i f f e r e n t stress regime and propagate t o the surface. This a b s t r a c t b r i e f l y reviews the general l y accepted and most commonly empl w e d c r i t e r i o n f o r faul t p r e d i c t i o n from cal cul ated stresses on p l anetary surfaces (Anderson' s, 11, p o i n t s out problems i n neglecti n g the e f f e c t s o f overburden stress, and shows a we1 1 known example (mascon loading on the moon) where neglecting t h i s e f f e c t p r e d i c t s a d i f f e r e n t type o f f a u l t than i s a c t u a l l y observed.
Anderson (1) deduced t h a t the three types o f shear f a u l t s commonly seen a t the surface o f the e a r t h are formed under three d i s t i n c t stress states. He surmised t h a t a t o r near the surface o f the e a r t h one p r i n c i p a l stress d i r e c t i o n i s v e r t i c a l and two are o r i e n t e d h o r i z o n t a l l y , p a r a l l e l t o the surface, except i n areas of extreme r e l i e f . Because the surface o f a planet i s a f r e e boundary, there can be no v e r t i c a l stress across i t and so the v e r t i c a l stress a t the surface must be zero. As a resul t, t h e magnitude and signs o f t h e horizontal p r i nc i p a l stresses w i l l determine the type o f f a u l t . I f both horizontal p r i n c i p a l stresses are t e n s i l e , then the maximum compressive stress i s v e r t i c a l (and equal t o zero by d e f i n i t i o n ) and normal faults, grabens, o r tension cracks are expected. I f both horizontal p r i n c i p a l stresses are compressive, then the minimum compressive stress i s v e r t i c a l and reverse o r t h r u s t f a u l t s (evidenced by wrink l e ridges) would be expected. F i n a l l y , i f one horizontal p r i n c i p a l stress i s t e n s i l e and the other i s compressive, then the intermediate p r i n c i p a l stress i s v e r t i c a l and s t r i k e -s l i p f a u l t s are expected.
Faults seen on planetary surfaces, however, i n i t i a t e a t some non-negligible depth and propagate t o the surface. As a r e s u l t , t h e c r i t i c a l stresses necessary t o p r e d i c t f a u l t type must be c a l c u l a t e d a t t h e depth where f a u l t s i n i t i a t e . Structures seen on most p l anetary surfaces ( notably excluding the earth) probably i n i t i a t e a t f a i r l y shal low depths ( i .e., grabens and w r i n k l e ridges), so t h a t the o r i e n t a t i o n s o f the p r i n c i p a l stresses are most l i k e l y s t i l l horizontal and v e r t i c a l . Nevertheless, the v e r t i c a l stress i s non-zero a t depth, due t o overburden, and t h e confined nature o f the subsurface r e s u l t s i n a horizontal s t r e s s as well. Thus, t o c o r r e c t l y p r e d i c t the type o f f a u l t most 1 i k e l y t o form, t h e o r e t i c a l model stresses must be calculated a t the probable depth o f f a u l t i n i t i a t i o n and then superposed w i t h overburden stresses due t o g r a v i t y . To i l l u s t r a t e the c o r r e c t method t o p r e d i c t f a u l t type from c a l c u l a t e d stresses, a geometrical l y simpl e exampl e w i t h many previous t h e o r e t i c a l stress cal cul at i o n s t h a t do n o t p r e d i c t t h e observed structures w i l l be investigated; a1 t e r i n g these stress cal cul a t i o n s t o the c o r r e c t depth ( using real i s t i c material constants), and superposing overburden stresses c o r r e c t l y p r e d i c t s the observed structures.
Lunar mascon basins are t y p i c a l l y surrounded by concentric grabens whil e the basalts i n the basin i n t e r i o r are deformed by w r i n k l e ridges. This l e d a nunber o f workers t o c a l cul a t e bending stresses from simpl e a x i symnetric e l a s t i c p l a t e f l e x u r e models t o e x p l a i n the l o c a t i o n and type o f f a u l t (2,3,4) .
Unfortunately, as Me1 osh (2) o r i g i n a l l y pointed out, calcul a t i o n s o f stresses a t the surface p r e d i c t a c e n t r a l zone o f reverse o r t h r u s t f a u l t s , surrounded by an annulus o f s t r i k e -s l i p f a u l t s , followed by a s t i l l l a r g e r annulus o f normal f a u l t s . L i t t l e o r no evidence e x i s t s f o r s t r i k e -s l i p f a u l t s on the moon, and although w r i n k l e r i d g e s are found i n the i n t e r i o r s o f basins and grabens occur O Lunar and Planetary Institute Provided by the NASA Astrophysics Data System IMPORTANCE OF FAULT INITIATION DEPTH on the edges, b a s i n f l e x u r e models p r e d i c t t h e l a r g e s t s t r e s s d i f f e r e n c e , and thus t h e most 1 i k e l y p l a c e f o r f a u l t i n g t o occur, i n t h e s t r i k e -s l i p zone a t about t h e distance a t which grabens are found. This problem has been circumvented by superposing stresses due t o global expansion and c o n t r a c t i o n t o y i e l d t h e c o r r e c t stresses f o r graben formation followed by w r i n k l e r i d g e formation ( 3 ) ; however, t h e r e i s no geologic evidence f o r , and considerable evidence against global expansion on t h e moon (5). Thus, simp1 e f l e x u r e model s alone do a poor j o b p r e d i c t i n g t h e c o r r e c t f a u l t s from stresses c a l c u l a t e d a t t h e surface. Nonetheless, using these same models t o c a l c u l a t e stresses a t the depth where f a u l t s i n i t i a t e and superposing overburden stresses y i e l d s t h e corr e c t s t r e s s s t a t e a t t h e c o r r e c t p l a c e f o r the p r e d i c t i o n o f grabens and w r i n k l e r i d es without a zone o f s t r i k e -s l i p f a u l t s (and w i t h o u t the need f o r an appar-9 e n t y ad hoc global s t r e s s ) .
FauS ts bounddng l u n a r grabens i n i t i a t e a t the base o f t h e megaregal i t h (mat e r i a l e j e c t e d d u r i n g impact c r a t e r i n g ) 1-4 km deep (6). A1 though t h e depth a t which proposed w r i n k l e r i d g e f a u l t s i n i t i a t e has n o t been i n v e s t i g a t e d , l u n a r sounqer data ( I ) imply a depth of about 1 km. Seismic v e l o c i t i e s i n the o u t e r few k i l o m e t e r s of t h e moon ( 8 ) i n d i c a t e Young's modulus i s a t l e a s t an order o f magnitude l e s s than g neral l y assumed i n p l a t e f l e x u r e c a l c u l a t i o n s (Solomon and
B
Head use 1012 Qnelcm ). Because t h e c a l c u l a t e d stresses are c r i t i c a l l y dependent on t h e value o f t h i s assmed parameter, the c o r r e c t stresses f a r the o u t e r few k i l o m e t e r s 0% t h e moon a r e correspondingly lower by an order o f magni-
tude ( t e n s o f b a r s as opposed t o hundreds o f b a r s ) . Superposing t h e c o r r e c t v e r t i c a l ( -33 barslkm o f depth) and h o r i z o n t a l ( -10 barslkm o f depth) stresses due t o the weight o f t h e overburden on t h e t h e o r e t i c a l stresses due t o the l o a d using the c o r r e c t Young's msdul us y i e l d s the c o r r e c t s t r e s s s t a t e f o r t h e predi c 2 i o n o f grabens and w r i n k l e ridges. A t t h e edges o f mare basins concentric
grabens are observed because t h e maximum compressive s t r e s s i s v e r t i c a l and roughly 30-100 bars f o r 1-3 km depth and the minimum compressive s t r e s s i s h o r izontal and r a d i a l t o the b a s i n c e n t e r and roughly 8-50 bars tensional.
I n the i n t e r i o r s o f mare basins w r i n k l e r i d g e s are p r e d i c t e d ( a s observed) because the minimum compressive s t r e s s i s v e r t i c a l and about 33 bars f o r 1 km depth and the maximum compressive s t r e s s i s h o r i z o n t a l and roughly 50-100 bars. I n general, t h e hoop s t r e s s i s l a r g e r than t h e r a d i a l s t r e s s and thus p r e d i c t r a d i a l l y o r iented w r i n k l e ridges. Nevertheless, t h e two h o r i z o n t a l stresses a r e very c l o s e i n magnitude and so do n o t preclude the p o s s i b i l i t y t h a t the l o c a t i o n and t r e n d o f some w r i n k l e r i d g e s c o u l d be i n h e r i t e d from underlying s t r u c t u r e s . The s t r i k e -s l i p zone i s e l i m i n a t e d because t h e v e r t i c a l s t r e s s f o r grabens i s calcul a t e d a t g r e a t e r than 1 km ( t o 4 km) depth w h i l e f o r w r i n k l e r i d g e s t h e v e r t i c a l s t r e s s i s c a l c u l a t e d a t 1 km o r 1 ess depth and thus q u i c k l y s h i f t s a t t h e edge o f the basin from maximum t o m i nimum compressive stress. I n conclusion, stresses c a l c u l a t e d on planetary surfaces can o f t e n f a i l t o p r e d i c t observed s t r u c t u r e s because f a u l t s seen on the surface i n i t i a t e a t depth and propagate up. The f a i l u r e o f mascon l o a d i n g models t o p r e d i c t t h e c o r r e c t stresses a t the surface f o r t h e s t r u c t u r e s observed has been amended by calcu-1 a t i n g stresses a t t h e probable depth a t which f a u l t s i n i t i a t e ; t h i s procedure c o r r e c t l y p r e d i c t s t h e 1 o c a t i o n and f a u l t type observed. Consequently, c a r e should be taken i n f u t u r e s t r e s s models t o understand probable e f f e c t s o f calcu-1 ated stresses a t t h e depth where f a u l t s i n i t i a t e .
